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Abstract: The cropping potential of almond (Prunus amygdalus (L.) Batsch, syn P. dulcis (Mill.))
cultivars is determined by their adaptation to edaphoclimatic and environmental conditions. The
effects of scion–rootstock interactions on vigor have a decisive impact on this cropping success.
Intensively planted orchards with smaller less vigorous trees present several potential benefits for
increasing orchard profitability. While several studies have examined rootstock effects on tree vigor,
it is less clear how rootstocks influence more specific aspects of tree architecture. The objective of this
current study was to identify which architectural traits of commercially important scion cultivars are
influenced by rootstock and which of these traits can be useful as descriptors of rootstock performance
in breeding evaluations. To do this, 6 almond cultivars of commercial significance were grafted
onto 5 hybrid rootstocks, resulting in 30 combinations that were measured after their second year of
growth. We observed that rootstock choice mainly influenced branch production, but the effects were
not consistent across the different scion–rootstock combinations evaluated. This lack of consistency
in response highlights the importance of the unique interaction between each rootstock and its
respective scion genotype.
Keywords: Prunus dulcis; branching; tree habit; rootstock-scion interaction; hybrid rootstock; vigor
1. Introduction
Since its development, reported around 1800 BCE, grafting has been a crucial part
of the propagation process for tree and vine crops [1]. As well as conferring traits of
agronomic interest to trees in the orchard, the use of grafting and clonal rootstocks has
facilitated the independent selection of scion and rootstock traits, thus improving breeding
techniques. Rootstocks can be selected for relevant root system traits, including conferring
resistance to pathogens such as root knot nematodes, endowing tolerance of alkaline and
calcareous soils and promoting higher yields in non-irrigated soils [2]. Rootstocks can also
influence scion phenotype such as fruit quality, yield, flowering time and tree vigor [3–7].
Nowadays, clonal rootstocks are utilized in numerous fruit and nut species of eco-
nomic significance [7]. Their usage is widespread in almond (Prunus amygdalus (L.) Batsch,
syn P. dulcis (Mill.)) orchards, and varieties are generally graft-compatible with both al-
mond and peach (P. persica (L.) Batsch) rootstocks and their interspecific hybrids [2,8]. In
the last decade, several new dwarfing rootstocks have been developed, conferring low and
medium vigor to establish new more intensive and sustainable cropping systems.
Due to their global significance as a major tree fruit crop, rootstock effects on scion
vigor have mostly been studied in apple (Malus × domestica). In these studies, rootstock
effects have mainly been described in generic vigor-related parameters such as scion height,
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trunk diameter, shoot length and frequency of branching [9,10]. Apple dwarfing rootstocks
can also stimulate flowering in young trees, which indirectly affects shoot production
and shoot vigor [11]. Young apple trees on dwarfing rootstocks form more floral buds
and thus more axillary bourse shoots compared with the more vigorous terminal shoots
produced from purely vegetative buds. Rootstock involvement in more specific aspects of
tree architecture is less clear, and there is often a lack of consistency in responses among
different cultivars, which highlights the importance of scion–rootstock interactions [10,12].
While previous studies with almond have described rootstock effects on vigor in generic
terms [13,14], knowledge of rootstock influence on more specific architectural traits and
their wider influence over almond tree architecture is still limited.
First introduced by Halle et al. [15], architectural analysis of trees provided a way
to analyze the dynamics of plant development that is applicable to any species. The
architectural tree models developed from this work are based on four major features: (i)
temporal growth pattern, (ii) branching pattern, (iii) morphological differentiation of axes
and (iv) sexual differentiation of meristems [16]. A total of 23 different architectural models
were found in nature from all possible combinations of these features [15].
Temporal growth patterns predominantly have two features: rhythmic vs. continuous
growth and determinate vs. indeterminate growth [17]. Continuous growth is a rare phe-
nomenon and is not observed in Rosaceae species, whose shoots alternate periods of active
growth and rest [18]. Determinate growth refers to the abortion or transformation of the ter-
minal bud into a specialized structure [15]. If the apical meristem maintains indefinitely its
function, then growth is indeterminate. Branching is a key aspect in defining tree structure.
An axillary meristem may develop into a shoot at the same time as the extension of the
parent axis, without a period of rest or dormancy, to form a sylleptic shoot [15]. Otherwise,
the axillary meristem remains inactive and only develops into a shoot after a period of
rest or dormancy, forming a proleptic shoot. Rhythmic (zonal) branching is constituted
by groups of branched nodes followed by a succession of unbranched nodes. Diffuse
branching is when shoots are disposed uniformly along the main axis [19]. Determinate
and indeterminate growth patterns can lead to two different branching patterns, sympo-
dial and monopodial, respectively [17]. Sympodial growth is when continued growth of
the primary axis occurs via successive growth of axillary buds in subterminal positions,
while monopodial growth occurs via continued extension of a single terminal meristem or
bud [15]. The sum of all these features constitutes the architectural tree model.
Markovian models have been used to build general models for describing tree struc-
ture [20]. These methods analyze tree architecture as a succession of zones with a different
proportion of node types whose arrangement is defined by transition probabilities, us-
ing branches as the study subject [16,21–23]. This approach has been applied to almond
under different circumstances [24–26]. Although these models are useful for describing
and visualizing repetitive patterns in tree architecture and branching formation, they are
difficult to incorporate into genomic analyses, such as genome-wide association studies
(GWAS). Therefore, accurate and objective measurements are needed. There have been few
advancements in the analysis of these kinds of quantitative traits focused on their heritabil-
ity or on the influence of the environment [27–29]. Recently, high-throughput phenotyping
technologies such as T-LiDAR have been used in apple orchards to identify different archi-
tectural groups [30]. However, these methods fall short in describing the physiology and
control processes determining tree shape and architecture or in distinguishing the nuanced
changes that exist between different rootstock/scion combinations. Furthermore, there
are considerable difficulties in measuring a substantial number of architectural traits in
enough individuals in large trees modified by pruning. It is easier to record these traits of
interest on young, unpruned trees.
The objective of the research presented here was to identify which architectural traits
of the scion cultivar are influenced by rootstock genotype and which of these traits can
be used as reliable descriptors of rootstock performance in breeding evaluations. We
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did this by characterizing the genotype-specific effects of a selection of rootstocks on the
architecture of a range of important scion cultivars.
2. Materials and Methods
2.1. Plant Material and Growth Conditions
For the experiment, 6 almond cultivars of agronomic interest were grafted onto
5 different commercial rootstocks, resulting in a total of 30 different combinations. The
scion cultivars selected were ‘Isabelona’ (syn. Belona), ‘Soleta’, ‘Guara’, ‘Vialfas’, ‘Diamar’
(syn. Mardia) and ‘Lauranne’. All are important commercial cultivars in Spain. The
rootstocks were selected to represent a range of vigor responses in the grafted scion: ‘GN-
8’, ‘Densipac’ (Rootpac® 20), ‘Nanopac’ (Rootpac® 40), ‘Replantpac’ (Rootpac® R) and
‘Garnem’ (GN15). All were hybrid rootstocks from different origins. ‘Garnem’ and ‘GN-8’
are both almond × peach (P. amygdalus (L.) Batsch, syn P. dulcis (Mill.). × P. persica (L.)
Batsch) hybrid rootstocks, while the 3 others came from the commercial Rootpac® series
including Rootpac® 40 (P. amygdalus (L.) Batsch, syn P. dulcis (Mill.). × P. persica (L.) Batsch),
Rootpac® 20 (P. cerasifera × P. besseyi) and Rootpac® R (P. cerasifera × P. amygdalus (L.)
Batsch, syn P. dulcis (Mill.)). Grafted plants were supplied by the Agromillora Iberia S.L.
nursery in 2018 (Barcelona, Spain). Trees were planted during October 2018 at the Centro
de Investigación y Tecnología Agroalimentaria de Aragón (CITA) experimental orchard El
Vedado Bajo el Horno (Zuera, Zaragoza, 41◦51′46.5′′ N 0◦39′09.2′′ W). Trees were planted
as a single stem and supported by a wooden stake. Trees were then left without pruning
so that they could express their natural growth habit unaltered. Conventional orchard
practices were used for weed control and drip irrigation. Soil type was calcareous with pH
around 7–8.
2.2. Architectural Traits
Data collection was carried out during winter 2020 after two growing seasons from
a total of 90 trees with 3 trees per scion–rootstock combination (Figure 1). In total, 24 pa-
rameters were considered as possible descriptors of tree architecture, divided into four
categories: tree vigor, branching quantity and vigor, branching distribution and branching
angle (Table 1). In this context, the primary growth axis of the tree was referred to as the
trunk with axillary shoots forming directly on the trunk during the first season’s growth.
A branch was regarded as a second-order structure comprising multiple axillary shoots
present during the second season’s growth. The tree vigor category included five param-
eters. Total trunk length (TL) and number of internodes (Nb_IN) were determined from
the graft union to the apex of the tree, and average internode length (IN_L) was calculated
from those two measures. Trunk diameter was measured at both 20 mm above the graft
union (d_Base) and 20 mm (d_Top) below the apex of the tree. Seven parameters were
included in the branch quantity and vigor category. The total number of branches formed
directly on the trunk (Nb_B) was recorded as was the number of axillary shoots formed on
these branches (B_NbAS). Three categories of shoot length were used to describe branching
frequency along the trunk; these categories were short (<10 mm), medium (10–20 mm)
and long (>20 mm), denoted as Nb_sB, Nb_mB and Nb_lB, respectively. The ratio of
branches by trunk length (BbyL) and trunk internodes (BbyIN) were calculated. Vigor
was also recorded as branch diameter measured both at the base (B_dBase) and at the
apex (B_dTop) of each branch along the trunk. The branch distribution category included
the internode in which each branch was positioned along the trunk. Also determined
from this value was the mean distribution of branches along the trunk (Dist_B), as well
as the percentage of shoots in each third of the trunk from the basal to middle and distal
sections (Dist_Down, Dist_Med and Dist_Up, respectively). Branching angle was recorded
for branches formed directly on the trunk as the angle relative to the trunk at the base of
the branch and at the branch tip. Three categories were used to describe branching angle:
upright (<45◦), semi-open (45–65◦) and open (>65◦), resulting in the following according to
their base angle (Base_U, Base_SO and Base_O) and tip angle (Top_U, Top_SO and Top_O).
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In total, 17 variables were established directly from measured data, while 7 variables were
calculated combining some of the initial measurements.
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Figure 1. Scion–rootstock co binations of 2-year-old almond trees show low and high vigor responses: (a) ‘Guara’ and (b)
‘Diam r’ grafted ont ‘GN-8’ (left) and ‘Garnem’ (right) rootstocks, respectively.
Table 1. Parameters used to quantify aspects of almond tree architecture and the corresponding formula if parameters were
calculated from other traits. Data were measured on the primary growth axis (trunk) or axillary branches of 2-year-old
almond trees for 30 scion–rootst ck combinat ons.
e Paramet r Formula Trunk ches
or
ber of internodes Nb_IN
Length (m ) Length
Average lenght of internodes (mm) Length/Nb_IN IN_L
Base diameter (mm) d_Base B_dBase
Apex diameter (mm) d_Top B_dTop
Branch
quantity
Number of branches Nb_B B_NbAS
Ratio of branches by trunk internodes Nb_B/Nb_IN BbyIN
Ratio of branches by trunk length Nb_B/Length BbyL
Number of short branches (<10 mm) Nb_sB
Number of medium branches (10–20 mm) Nb_mB
Number of long branches (>20 mm) Nb_lB
B anch
distribution
Mean distribution of branches trought the trunk SUM(IN)/Nb_IN Dist_B
Percentage of ra c es in the 1st third of the trunk NbDown/Nb_B Dist_Down
Percenta ranches in the 2nd third of the trunk NbMed/Nb_B Dist_Med
Percentage of branches in the 3rd thir of the trunk NbTop/Nb_B Dist_Up
Branching
habit
Number of upright branches measured at the base (<45◦) Base_U
Number of semiopen branches measured at the base (45–65◦) Base_SO
Number of open branches measured at the base (>65◦) Base_O
Number of upright branches measured at the apex (<45◦) Top_U
Number of semiopen branches measured at the apex (45–65◦) Top_SO
Number of open branches measured at the apex (>65◦) Top_O
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2.3. Statistical Analysis
All statistical analyses were carried out in the R platform (https://cran.r-project.org/,
accessed on 11 June 2021). To identify which parameters were most influenced by root-
stock genotype, a two-way ANOVA test was performed using the R stats package in
order to establish which of the 24 measured parameters described in Table 1 were in-
fluenced by the rootstock genotype. Although the two-way ANOVA test allowed us
to observe the influence on the variability of both the rootstock and the cultivar sepa-
rately, we limited our focus to the effects of their interaction. Since all data were col-
lected from the scion, the interaction of the two independent variables, rootstock and
cultivar, described the extent of rootstock influence in aerial architectural traits. Param-
eters were selected as being influenced by rootstock choice when the p-value was lower
than 0.1. Pearson’s correlation coefficients were computed using the Hmisc R package
(https://CRAN.R-project.org/package=Hmisc, accessed on 20 December 2020). Param-
eters correlating with an r value higher than +0.7 or lower than −0.7 were considered
redundant, and a single parameter was conserved for analyses. Principal component analy-
sis (PCA) was carried out using the R stats package with default parameters. The rootstock
effect on each individual cultivar was evaluated using an ANOVA test to find significant dif-
ferences. These were assessed with the Tukey’s test (p < 0.05) using the agricolae R package
(https://CRAN.R-project.org/package=agricolae, accessed on 24 January 2021).
3. Results
3.1. Rootstock Influence in Trait Variability
Out of the 24 starting parameters described in Table 1, 15 of these had a p-value
lower than 0.10, and of these, 11 had a p-value lower than 0.05 (Table 2). Four scion vigor
variables were identified as affected by the rootstock choice: Nb_IN, Length, IN_L and
d_Top. However, a scion–rootstock interaction was observed for the diameter at the base of
the scion (d_Base), which is equivalent to the trunk cross sectional area (TCSA), even though
it could be expected that a more vigorous rootstock should have an effect on this trait.
No influence was observed for the vigor parameters measured on the branches, such as
B_dBase and B_dTop. All traits representing branch quantity were identified as influenced
by the rootstock, suggesting that branching may be strongly affected by rootstock selection.
Branch distribution parameters were predominately affected by rootstock genotype, with
the exception of Dist_Med. Rootstock did not appear to affect branching angle, since only
Top_SO might be characterized as being influenced by the rootstock. All 15 parameters
with a p-value lower than 0.1 were considered as possibly influenced by the rootstock and
were used in further analyses.
Table 2. Analysis of the effects of 30 almond scion–rootstock combinations on variability in architec-
tural traits as affected by scion and rootstock genotype and the interaction between the two. Refer to
Table 1 for abbreviations.
Trait Cultivar Rootstock Cultivar × RootstockInteraction
Vigor
Nb_IN 2.21 × 10−6 0.726 4.21 × 10−7
Length 0.00263 0.23671 4.01 × 10−5
IN_L 3.87 × 10−10 0.000153 0.080919
d_Base 4.06 × 10−10 7.32 × 10−6 0.168
d_Top 8.29 × 10−5 0.28228 0.00696
B_dBase 8.74 × 10−8 0.00189 0.23873
B_dTop 0.0986 0.0686 0.1342
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Table 2. Cont.
Trait Cultivar Rootstock Cultivar × RootstockInteraction
Branch
quantity
Nb_B 0.00037 1.14 × 10−12 0.01043
BbyIN 0.000152 1.20 × 10−7 0.001294
BbyL 0.001262 8.53 × 10−7 0.000649
B_NbAS 7.93 × 10−9 0.00547 0.05479
Nb_sB 3.47 × 10−5 0.00036 0.05135
Nb_mB 0.00208 8.33 × 10−7 0.01555
Nb_lB 0.00634 1.65 × 10−9 0.00814
Branch
distribution
Dist_B 0.00256 0.08757 0.00303
Dist_Down 0.249 0.7719 0.0288
Dist_Med 0.4682 0.0288 0.2746
Dist_Up 0.0127 0.0116 0.0169
Branching
habit
Base_U 0.7449 0.0541 0.9252
Base_SO 0.182 0.0156 0.6591
Base_O 0.0643 2.96 × 10−5 0.3477
Top_U 0.00336 7.06 × 10−7 0.11616
Top_SO 0.2424 0.3178 0.0845
Top_O 0.0247 7.55 × 10−7 0.6563
1 Significant variability (p < 0.1) for the Cultivar:Rootstock interaction according to the two-way ANOVA test are
in bold.
3.2. Identification of Relevant Parameters and Interaction between Different Categories
Correlation values between parameters were analyzed in a two-part approach. Firstly,
variables belonging to the same category with a correlation value higher than +0.7 or lower
than −0.7 were considered redundant, and a unique representative parameter was selected.
Secondly, correlation values above +0.32 or below −0.32 between traits classified among
different categories were contemplated as possible interrelated architectural processes.
Vigor parameters Length and Nb_IN were highly correlated, r = 0.899 (Table 3), which
is not unexpected, since a longer main axis is expected to present a higher number of
internodes. In addition, both variables were also negatively correlated with d_Top above
the threshold. Length, as well as IN_L, were selected as descriptors of tree vigor.
For branch quantity parameters, BbyL and BbyIN presented a correlation value of
+0.887 (Table 3). Both depended on the number of branches (Table 1), describing similar
aspects of the phenotype. Despite BbyL having a lower p-value (Table 2), BbyIN was chosen
as a branch quantity descriptor because it also described the potentiality of a given node to
become a branch. Nb_sB and Nb_mB were positively correlated with Nb_B, presenting an
r > 0.7 (0.722 and 0.801, respectively) (Table 3). Therefore, the amount of short and medium
shoots (Nb_sB and Nb_mB) might depend primarily on the total number of branches. The
number of long shoots (Nb_lB) appeared to be more independent of the total number of
branches, r = 0.397. Thus, Nb_lB was kept with Nb_B as a branch quantity descriptor.
Finally, B_NbAS, did not show correlation values above the 0.7 threshold with any other
parameter, and so, with no reason to discard it, the B_NbAS parameter was added to the
list of branch quantity descriptors.
For branch distribution parameters, both Dist_Down and Dist_Up were highly corre-
lated with Dist_B, r = −0.796 and r = 0.914, respectively (Table 3). Since Dist_B describes
the overall distribution of branches along the trunk and not their concentration in a single
part of the main axis, it was taken as the unique branch distribution descriptor. As it was
the only branching angle parameter at this point, conferring therefore little descriptive
value, Top_SO was excluded from subsequent analyses. In summary, seven parameters
were selected as representative of three different categories: Length, IN_L, Nb_B BbyIN,
B_NbAS, Nb_lB and Dist_B.
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Table 3. Pearson’s correlation coefficients of variables comparing 30 almond scion–rootstock combinations, classified by which aspect of almond tree architecture they affect and selected
by rootstock influence. Refer to Table 1 for abbreviations.
Vigor Branch Quantity Branch Distribution BranchHabit




IN_L −0.306 0.078 1.000
d_Top −0.707 −0.711 0.075 1.000
Branch
quantity
Nb_AS 0.323 0.246 −0.169 −0.229 1.000
ASbyIN −0.587 −0.563 0.233 0.472 0.437 1.000
ASbyL −0.490 −0.591 −0.177 0.445 0.489 0.887 1.000
ASNb_As −0.483 −0.485 0.067 0.501 −0.268 0.215 0.165 1.000
Branch vigor
Nb_sAS 0.458 0.366 −0.224 −0.351 0.722 0.084 0.148 −0.394 1.000
Nb_mAS 0.257 0.219 −0.161 −0.234 0.801 0.281 0.361 −0.225 0.359 1.000
Nb_lAS −0.214 −0.220 0.122 0.260 0.397 0.616 0.547 0.211 −0.155 0.186 1.000
Branch
distribution
Dist_AS −0.656 −0.672 0.084 0.622 −0.088 0.452 0.409 0.393 −0.124 −0.113 0.113 1.000
Dist_Down 0.540 0.579 −0.026 −0.480 −0.041 −0.434 −0.398 −0.262 0.031 −0.031 −0.112 −0.796 1.000
Dist_Up −0.596 −0.580 0.140 0.602 −0.174 0.362 0.308 0.372 −0.210 −0.190 0.128 0.914 −0.584 1.000
Branch habit Top_soAS 0.121 0.088 −0.045 −0.034 −0.016 −0.010 0.000 −0.072 −0.050 0.035 −0.007 0.022 −0.078 0.030 1.000
1 Parameters with an r value higher than +0.7 or lower than −0.7 between members of the same category are in bold.
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Correlations between parameters belonging to different categories were also studied
to identify possible interactions. The vigor parameter Length was correlated with the
branch quantity traits BbyIN and B_NbAS and with the branch distribution variable
Dist_B, indicating a potential interaction between the height of the main axis and these
parameters. Furthermore, BbyIN was positively correlated with the branch distribution
trait Dist_B (Table 3).
3.3. Analysis of Rootstock and Cultivars of Interest
Scion–rootstock combinations affected tree height (Length), but the effect was not
consistent across the different rootstocks or scion cultivars. For example, ‘Isabelona’ or
‘Diamar’ trees grafted onto Rootpac® 20, a low vigor rootstock, were taller when compared
with the other rootstocks in this study, while ‘Soleta’ and ‘Vialfas’ trees on Rootpac®
20 were shorter (Table 4). Moreover, ‘Isabelona’ and ‘Vialfas’ trees grafted on ‘Garnem’
rootstock, a high vigor rootstock, were taller when compared with trees grafted with the
other rootstocks in this study, while ‘Diamar’ and ‘Soleta’ trees on ‘Garnem’ rootstock were
smaller. ‘Lauranne’ trees were smaller than the other scion cultivars across all rootstocks
with the exception of Rootpac® R. The trunks of ‘Lauranne’ trees on Rootpac® R rootstock
were twice the height of ‘Lauranne’ trees on the other rootstocks. Internode length (IN_L)
was similar across all scion/rootstock combinations, with only a few cultivars grafted onto
the dwarfing rootstock ‘GN-8’ showing significant low IN_L values (Table 4).
Branching quantity traits were substantially affected by rootstock choice in our culti-
vars of interest. When grafted onto ‘Garnem’ rootstock, the number of branches (Nb_B)
was significantly higher on ‘Guara’, ‘Isabelona’ and ‘Vialfas’ trees compared with trees
on the dwarfing rootstocks ‘GN-8’ and Rootpac® 20. Likewise, branching frequency, the
number of branches per node (BbyIN), was less when cultivars were grafted onto Rootpac®
20 and ‘GN-8’. Combinations with both Rootpac® 40 and Rootpac® R also produced more
branches through all scion cultivars (Table 4).
There were more long shoots on scion cultivars grafted onto ‘Garnem’ rootstock
compared with the other rootstocks (Table 4). A similar effect was detected with trees
grafted onto Rootpac® 40, but not as consistently across the different scion cultivars as with
‘Garnem’. Cultivars grafted onto ‘GN-8’ and Rootpac® 20 showed the opposite phenotype,
with few long shoots. Despite no significant differences being observed in the number of
secondary branches (B_NbAS), cultivars ‘Lauranne’, ‘Soleta’ or ‘Guara’ presented a higher
tendency to develop second order branches (Table 4).
Only ‘Diamar’ and ‘Soleta’ displayed significant differences of Dist_B between root-
stocks combinations. Otherwise, there were no consistent trends observed across the
scion–rootstock combinations. (Table 4).
Table 4. Analysis of the 7 non-redundant variables in the 30 rootstock/scion combinations, comparing by rootstock choice.
Data were collected from 2-year-old trees. Refer to Table 1 for abbreviations.
‘Lauranne’ ‘Guara’ ‘Isabelona’ ‘Diamar’ ‘Soleta’ ‘Vialfas’
Length (mm)
‘Garnem’ 353 a 707 a 800 ab 323 c 357 b 1190 a
‘GN-8’ 223 a 453 a 443 b 820 ab 847 a 313 d
Rootpac® 20 317 a 923 a 1053 a 1053 a 373 b 380 cd
Rootpac® 40 317 a 720 a 450 b 607 bc 730 a 697 b
Rootpac® R 690 a 717 a 623 ab 687 b 597 ab 653 bc
IN_L (mm)
‘Garnem’ 19.0 a 16.7 a 12.4 a 17.0 a 11.0 a 12.8 ab
‘GN-8’ 11.0 b 14.5 a 12.1 a 15.9 a 10.6 a 9.2 b
Rootpac® 20 18.8 a 18.5 a 11.0 a 17.6 a 13.1 a 15.1 a
Rootpac® 40 16.2 a 14.8 a 12.2 a 15.0 a 12.7 a 12.3 ab
Rootpac® R 16.7 a 15.8 a 11.3 a 14.0 a 13.9 a 11.9 ab
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Table 4. Cont.
‘Lauranne’ ‘Guara’ ‘Isabelona’ ‘Diamar’ ‘Soleta’ ‘Vialfas’
Nb_B
‘Garnem’ 9.0 ab 15.3 a 22.3 a 8.7 ab 14.7 a 18.0 a
‘GN-8’ 4.0 b 3.3 b 8.0 b 5.7 b 10.3 a 8.7 bc
Rootpac® 20 5.3 ab 2.7 b 4.7 b 2.7 b 6.3 a 7.7 c
Rootpac® 40 12.0 a 8.7 ab 8.0 b 7.0 ab 12.0 a 16.7 ab
Rootpac® R 11.3 a 12.0 ab 13.0 ab 15.0 a 15.3 a 11.7 abc
BbyIN
‘Garnem’ 0.481 ab 0.382 a 0.359 a 0.452 a 0.456 a 0.193 a
‘GN-8’ 0.199 b 0.191 a 0.292 a 0.107 c 0.130 b 0.242 a
Rootpac® 20 0.331 ab 0.070 a 0.048 a 0.043 c 0.232 ab 0.295 a
Rootpac® 40 0.608 a 0.247 a 0.288 a 0.183 bc 0.209 ab 0.294 a
Rootpac® R 0.365 ab 0.268 a 0.232 a 0.303 ab 0.362 ab 0.211 a
Nb_lB
‘Garnem’ 5.3 ab 4.7 a 6.3 a 7.7 a 6.3 a 4.3 a
‘GN-8’ 3.0 b 2.3 a 1.7 a 3.3 b 4.0 ab 2.7 ab
Rootpac® 20 3.3 ab 1.0 a 1.3 a 0.7 b 1.7 b 3.0 ab
Rootpac® 40 7.0 a 3.3 a 2.7 a 1.7 b 3.7 ab 3.7 a
Rootpac® R 4.7 ab 4.7 a 1.7 a 2.7 b 4.0 ab 0.7 b
B_NbAS
‘Garnem’ 5.2 a 2.7 a 0.5 a 1.3 a 2.8 a 0.4 a
‘GN-8’ 7.1 a 1.3 a 0.5 a 0.1 a 0.9 a 2.4 a
Rootpac® 20 3.5 a 1.0 a 0.0 a 0.3 a 1.6 a 0.2 a
Rootpac® 40 1.2 a 0.5 a 0.8 a 0.0 a 1.7 a 0.1 a
Rootpac® R 2.2 a 0.7 a 0.3 a 0.0 a 2.2 a 0.1 a
Dist_B
‘Garnem’ 0.58 a 0.61 a 0.53 a 0.69 a 0.58 ab 0.46 a
‘GN-8’ 0.64 a 0.60 a 0.48 a 0.22 b 0.37 b 0.72 a
Rootpac® 20 0.69 a 0.59 a 0.39 a 0.35 b 0.79 a 0.74 a
Rootpac® 40 0.59 a 0.40 a 0.52 a 0.44 b 0.49 b 0.47 a
Rootpac® R 0.63 a 0.50 a 0.51 a 0.44 b 0.57 ab 0.47 a
1 Assessed with Tukey’s test. Values within columns followed by the same letter were not significantly different (p < 0.05).
3.4. Principal Component Analysis of Rootstock/Scion Combinations
Once the representative parameters were defined, a principal component analysis
(PCA) was carried out in order to observe if rootstock/scion combinations grouped together
significantly. These analyses showed that 62.5% of the variability could be explained by the
first two components (Dim1 and Dim2), while the other components explained a maximum
of around 10% of the variability. Thus, only these first two components were taken into
consideration.
No clear clusters of samples were observed with the same rootstocks in the PCA
since there was a clear effect of the scion genotype. However, most of the combinations
with low vigor rootstocks Rootpac® 20 and ‘GN-8’ were located together below the X
axis (Figure 2a). Meanwhile, combinations with ‘Garnem’ were positioned above the
remaining rootstock combinations in the PCA. Rootpac® R and Rootpac® 40 rootstock
combinations were scattered through the plot between these two groups. Cultivars did not
sort in a noteworthy way, even though a certain separation could be recognized between
combinations with ‘Lauranne’ and the rest of cultivars, while ‘Isabelona’ was in the opposite
extreme of the grouped cultivars (Figure 2b). Length and branch quantity parameters have
opposing influence in the components, being the cause behind the differential distribution
of rootstock combinations (Figure 2c).
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4. Discussion
Combinations of five rootstocks and six scion varieties were compared in this study
to identify a set of representative parameters of tree architecture influenced by rootstock
choice. In the first instance, 24 parameters comprising 4 trait categories (Table 1) were
sorted by how their variability was affected by rootstock/scion interaction (Table 2). Then, a
Pearson’s correlation test was performed for the 15 remaining parameters to identify highly
correlated parameters from the same category and non-redundant variables. Correlations
between parameters from different categories were also analyzed without eliminating
parameters (Table 3). Only seven variables were selected after this step, and we studied
how the scion–rootstock combinations affected these seven parameters and how different
almond cultivars were affected by the rootstock (Table 4). Finally, these seven variables were
submitted to a principal component analysis (PCA) to observe differential distributions of
scion–rootstock combinations (Figure 2).
The seven parameters selected represented only three of the trait categories. Two
of the parameters, Length and IN_L, belong to the category vigor. Branch quantity was
represented by four different parameters Nb_B, B_NbAS. Nb_lB and BbyIN. Finally, Dist_B
acts as unique representative of the branch distribution category. Practically no influence of
the rootstock/scion interaction was detected in the branching angle category. It is of interest
that the parameter IN_L and similar variables to Nb_B and B_NbAS were found to be
relevant descriptors of apple tree architecture when selected by their genetic variability [29].
A shared trend was observed in the parameters influenced by rootstock genotype,
with the majority of traits involved in processes related to the control of branching. It was
observed that scion–rootstock combinations were primarily distributed differentially as a
function of two opposing traits (Figure 2c). The Length parameter presented a negative
value for the Dim1 axis, while all branch quantity (Nb_B, BbyIN, B_NbAS, Nb_lB) parame-
ters had positive values in the Dim1 axis. Moreover, Length was negatively correlated with
BbyIN and B_NbAS (Table 3).
Apical meristem maintenance and branching control are driven by the apical dom-
inance exerted by the apex. Apical dominance refers to the suppression of axillary bud
outgrowth during and/or after extension of the parent shoot, reducing the number of
sylleptic and/or proleptic shoots, respectively. Gradziel [31] has described this feature
to classify primary and secondary branching patterns in almond. Apical dominance is
controlled by the terminal apical meristem on the parent shoot and by the apical meris-
tems of subordinate axillary shoots [32–34]. Auxin is regarded as the main regulator of
apical dominance, while other factors and hormones have been described as participating
in branching regulation [35–45]. Specifically, strigolactones (SLs) are a crucial regulator
of plant architecture [46,47]. Application of SL analogs has been proven able to reduce
branching in tree species such as olive (Olea europaea) [48].
Depending on the strength of apical dominance present, we can observe opposing
phenotypes as described by Gradziel [31]. If apical dominance is strong, due to the cultivar
or the rootstock effect or both, dormancy is imposed, affecting branch quantity param-
eters and producing low BbyIN, Nb_B and B_NbAS values, while the apical meristem
would continue its growth resulting in high Length values. In contrast, with weak apical
dominance, the repression of axillary buds is reduced, and more branches will develop,
described by high values in branch quantity parameters. Sylleptic shoots are generally
formed in the lower portion of the parent shoot, while proleptic shoots are mainly formed
from subterminal buds, immediately below the shoot apex, which is consistent with the
positive correlation we found between Length and Dist_Down (Table 3). While the redistri-
bution of resources to the formation of these lateral shoots may be expected to slow the
growth of the main axis, resulting in determinate growth and low Length values, this effect
appears to be mainly constrained to the formation of proleptic shoots formed after a period
of rest. This would explain the negative correlation we found between Length and Dist_Up.
Furthermore, while the presence of medium (Nb_mB) and short shoots (Nb_sB) correlates
with the total number of shoots (Nb_B), we found the development of long shoots (Nb_lB)
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to be more independent. This is due to the existence of few long shoots, appearing more
predominantly in combination with low apical dominance but not necessarily in those with
more branches (Table 4).
There is evidence from studies in peach that within the same genotype, rapid extension
of the parent axis is associated with weak apical dominance and thus a high number of
sylleptic axillary shoots [49]. Hence, in our study we often found more branches (Nb_B)
with the more vigorous rootstocks than with the less vigorous rootstocks (Table 4). Rootpac®
20 and ‘GN-8’ can be described as dwarfing rootstocks, and their effects on the TCSA
have been measured, proving a suppressing influence on tree vigor compared with more
vigorous rootstock such as ‘Garnem’ and Rootpac® 40 [14,50]. We did not record a strong
influence of parameters related to trunk diameter, such as d_Base (Table 2). Instead we
found a stronger relationship between rootstock vigor and shoot production (Nb_B). We
observed that Rootpac® 20 and ‘GN-8’ seemed to favor apical dominance, not promoting
the formation of branches and maintaining an active apical meristem. In contrast, ‘Garnem’
appeared to negatively affect apical dominance, forming numerous branches, including
long shoots (Nb_lB) and ceasing main axis growth earlier than other rootstocks (Table 4).
It is possible that this growth response is a forerunner of the strong basitonic growth
habit evident in commercial almond orchards. A less intense but similar effect can be
observed when grafted onto Rootpac® 40. Rootpac® R presented a medium phenotype,
with numerous branches but maintaining an active main axis (Table 4). This distribution
can be observed in the PCA, where Rootpac® 20 and ‘GN-8’ were diametrically opposed to
‘Garnem’, with Rootpac® 40 and Rootpac® R between them (Figure 2a).
Cultivars grafted onto ‘GN-8’ showed shorter internodes than when grafted onto
more vigorous rootstocks, such as ‘Garnem’ or Rootpac® 40 (Table 4). Internode elongation,
which is mainly regulated by gibberellic acid (GA), has been described as being influenced
by rootstock genotype [10,51]. However, SLs are also known to affect internode elongation
independent of GA [52].
While there is ample evidence of rootstocks having a strong effect on scion tree
architecture, the scion itself plays an essential part in branching regulation. Both ‘Diamar’
and ‘Isabelona’ showed a similar phenotype when grafted onto Rootpac® 20, favoring
apical dominance, resulting in high Length values and reduced branching, observed
through all branch quantity parameters. However, once grafted onto ‘Garnem’, only
‘Isabelona’ was able to maintain an active apical meristem, while ‘Diamar’ ceased growth
of the main axis earlier (Table 4). The cultivar ‘Lauranne’ presented a typical low apical
dominance phenotype, developing an elevated number of both branches (BbyIN) and
axillary shoots (B_NbAS) and reduced trunk length when grafted onto almost every
rootstock (Table 4). Rootpac® R was the only exception, promoting the formation of short
horizontal branches (Nb_B) but maintaining an active main axis (Length) (Table 4).
While almond trees in commercial orchards show strong basitonic branching with
strong lower limbs dominating the growth of the trunk, at the branch level, new shoot
growth can predominate from basal, middle or distal sections of the parent shoot (ba-
sitonic, mesotonic and acrotonic branching, respectively) [18,24]. Dist_B, which measures
branching distribution, is negatively correlated with Length and positively with BbyIN,
connecting apical dominance and branch positioning (Table 3). A desirable ideotype
might present the axillary shoots equally distributed through the axis, as described by
Gradziel [31], presenting intermediate values for Dist_B, instead of being accumulated in
a few internodes. Low apical dominance cultivar ‘Lauranne’ had consistent high Dist_B
values (Table 4). In these combinations, the apical meristem ceases its growth early and
long branches from the current season’s growth form in the upper part of the trunk. ‘Guara’
presented a comparable phenotype to ‘Lauranne’, although the formation of branches from
the current season’s growth was more impaired by dwarfing rootstocks such as ‘GN-8’ and
Rootpac® 20. A similar effect can be observed when cultivars are grafted onto ‘Garnem’
(Table 4). ‘Soleta’ displayed significant differences of Dist_B between rootstock combina-
tions, presenting high values when grafted onto Rootpac® 20. However, this combination
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also presented a reduced number of long shoots (Table 4). Thus, the high Dist_B values are
due to the accumulation of a few short branches in the apex, not descriptive of a lack of
apical dominance.
Although they are not distributed as clearly as in the rootstocks comparison, there is a
certain degree of separation between some of the cultivars in the PCA. ‘Lauranne’ combina-
tions were mildly distanced from the rest of the cultivar combinations. Combinations with
‘Isabelona’ as the cultivar are located predominantly in the opposite extreme, yet closer
to the rest of combinations (Figure 2b). Apical dominance seems to be heavily influenced
by rootstock choice in some cultivars, such as ‘Diamar’ or ‘Soleta’, but not in those that
present a stronger control of this feature, such as ‘Lauranne’. A similar phenomenon can
be observed with ‘Isabelona’, where the rootstock effect is more diluted (Table 4). Hence,
this illustrates the importance of a correct choice of rootstock when deciding what scion
cultivar should be selected for field production.
No clear influence was observed on branch angle by the rootstock choice (Table 2).
This could reflect the narrow range of branching angles among the scion cultivars selected
for this study. Branch angle is a complex trait regulated by several processes, where light
perception and gravity sensing have a main relevance, which are regulated primarily at
the aerial part of the plant [36,53–55].
In conclusion, seven parameters were selected as descriptors of rootstock influence
in almond scion architecture. The choice of rootstock affected scion cultivar architecture,
modifying both apical dominance and branch parameters. ‘Garnem’ and Rootpac® 20
had an opposite influence on the architecture of the scion, as was observed in parameters
such as Length or the number of branches (Nb_B), while mixed results were observed
with other rootstocks. However, these processes are regulated by numerous physiological
processes, and the final phenotype is not only the result of the interaction between the
rootstock and the scion but also the result of rootstock and scion interaction with the
environment. Cultivars with a strong or weak display of apical dominance, for example
‘Lauranne’ and ‘Isabelona’, were less affected by rootstock influence, while the other scion
cultivars in this study were strongly influenced by rootstock choice. This highlights the
importance of screening rootstock progeny with a number of scion genotypes, in view of
the strong scion–rootstock genotype interactions. Thus, a better understanding of what is
happening at the graft union and with other physiological and molecular aspects of scion–
rootstock interactions is needed in order to decipher the nuanced changes that determine
tree architecture across a range of scion–rootstock combinations.
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